Abstract -A model for the vertical location of whorl and interwhorl branches was constructed for Atlas cedar (Cedrus atlantica Manetti). The vertical location of branches in the crown partly governs their further growth and mortality from which depend (i) the stem growth and form and (ii) the quality of lumber and veneer, including wood knots. The modeling method, based on an architectural approach, reveals branching patterns. Each annual shoot was considered as a sequence of successive positions, unbranched or branched with two types of branch: short or long shoot. Branching sequences were analyzed using hidden semi-Markov chains. A wide range of annual shoot lengths was sampled in order to determine the relationships between sequence length and the characteristics of every zone identified (frequency of every type of axillary production, probability of zone occurrence and probability of transition to the following zone). The model predicts branch vertical position which can be used as inputs for branch diameter and mortality models.
INTRODUCTION

Modeling branching patterns in trees
Models describing branch characteristics have developed rapidly over the last fifteen years. Their interest is two-fold:
-(i) In terms of physiology, the photosynthetic capacity is directly related to the branch size. Conversely, the branches are the next place of transport and allocation of assimilates, just after the leaves. Simulating the spatial distribution of branches using architectural models provides detailed crown structure which may be used as support for process-based models, e.g. photosynthesis through the foliage distribution or sap transfer through the hydraulic network [37] .
-(ii) In terms of wood quality, the diameter and the location of branches on a tree stem have a great effect on aes- along the stem and branch azimuth around the stem. Regarding vertical position, the proposed models are quite different depending on whether the species forms interwhorl branches or not.
When the species only forms whorl branches (e.g. Pinus sp.), they are usually assigned at the top of the annual shoots of the main stem (e.g. [9] ). When the species forms interwhorl branches distributed all along the shoots (e.g. Picea sp., Abies sp., Larix sp., Douglas fir), the branch location model is more complex. Knowing the number of branches per shoot, the relative frequency of branches at a given relative height inside the shoot is determined using an observed distribution or a mathematical relation. For instance, a linear function was used for the interwhorl branches of Sitka spruce [6] and a multivariate linear model was used for the lateral long shoots of Larix laricina. In Douglas fir, Maguire et al. [21] used the average observed relative frequency of branches of 3 mm or more in diameter at a relative height on the annual shoot. This model hence assumes that a long annual shoot is a scaled-up version of a shorter shoot, with the same branch number per length unit at a constant relative height on the shoot. This model does not take into account the branching pattern within individual shoots.
Lateral branches are initiated at nodes where axial leaves occurred. Their vertical position depends on both node rank and internode length value. Pont [25] used the phyllotactic patterns to predict the spatial arrangement (i.e. height and azimuth) of Pinus radiata branches. The vertical position of the branch is equal to its ontogenetic sequential number multiplied by the estimated value of the internode length.
All these models require previous knowledge of the number of branches on every parent annual shoot. In general, models predicting the number of branches closely depend on the length of the parent shoot and sometimes on additional tree characteristics.
Recent studies in fruit trees [7, 36] and forest trees [19] have shown that branching of shoots is often organized as a succession of homogeneous zones where composition properties, in terms of type of axillary production (i.e. branches), do not change substantially within zone but change markedly between zones. Hidden Markov models are the standard statistical models for analyzing homogeneous zones within sequences or detecting transitions between zones (see [10] for a tutorial about this family of statistical models). Hidden semiMarkov chains generalize hidden Markov chain with the distinctive property of explicitly modeling the length of each zone. These statistical models enable modeling both the number and the vertical location of lateral branches [18] .
Branching patterns of Atlas cedar
The main stem of Atlas cedar is built up by a succession of annual shoots. On the current year leader shoot, some lateral shoots sometimes immediately develop from meristems without passing through a bud phase. They are termed sylleptic shoots in contrast with the proleptic shoots that elongate from lateral buds after a resting period. Young sylleptic shoots can be thus differentiated from proleptic shoots by the lack of cataphylls at their base. The occurrence and amount of sylleptic shoots are correlated with parent shoot vigor. During the first year of growth, all the sylleptic shoots are longer when they are located in the vicinity of the middle of the parent leader shoot, showing a mesotonic gradient in length (Fig. 1a, [31] ). During the following year, branches produced from lateral buds located just below the terminal bud become predominant. Along the annual shoot, an acrotonic gradient is progressively superimposed on the previous mesotonic gradient (Fig. 1b) . Atlas cedar does not form annual branch whorls in a strict botanical sense. As in Douglas fir, the distinction between whorl and interwhorl branches is rather arbitrary, underscoring the pitfalls of modeling them separately [21] . On the young parent shoots, there is a progressive and regular downwards decrease of both branch diameter and length. With the future crown development, whorl branches become main branches while interwhorl branches have a shorter lifespan. In this paper, the predominant branches clustered just below the apex are termed "whorl branches", all others are called "interwhorl branches".
Branching pattern in Atlas cedar is therefore very similar to that of Larix species [28] [29] [30] . In both species, the axillary branches comprise two types of axes: long shoots and short shoots (Fig. 1b) . Short shoots tend to be located on the proximal part of parent shoots [28, 31] . They elongate about one millimeter per year and form each year a spiral cluster of needles. In general, short shoots located on the main axis survive only 3 or 4 years because of lack of light.
A positive correlation between the number of axillary branches and parent shoot length has been found in conifers [3] and in particular in cedar [8, 31] . However the effect of parent shoot length on the branching pattern has not been reported. A previous study [23] has shown that:
-(i) branching pattern is correctly represented by a hidden semi-Markov chain in Cedrus atlantica,
-(ii) branch distribution along the annual shoot does not change with site index or stand density.
The aim of this study is to analyze the branching pattern of Atlas cedar in order to develop a static model which accounts for the vertical position of the primary branches inserted along the stem. The production of axillary branches was analyzed on a wide range of parent shoot lengths in the form of sequences in order to explore and model the effect of the parent annual shoot length on the distribution of the lateral branches.
MATERIALS AND METHODS
Data acquisition
Site, stand and tree measurements
A total of 74 trees were selected from 9 even-aged stands in the south-east of France (6 in the Vaucluse district, 2 in the Aude district and 1 in the Gard district). The stands were chosen to be as different as possible in terms of growth conditions (i.e. age, density and site index) in order to sample a wide range of shoot lengths. The site index (i.e. top height at age 50), was calculated by a specific top height growth model [11] . The stand density was expressed by the HartBecking relative spacing index (S = 10746/H0 √ N) where N is the number of trees per ha and H0 is the top height in meters). Trees in each stand were chosen to cover the range of diameters present in the stand as well a wide range of shoot lengths.
Annual shoot measurements
The annual shoots were selected on each tree from the top to the base as follows:
-one annual shoot every three years starting from two-year-old annual shoot, -annual shoots without branch pruning, -annual shoots without evident damage which can affect the branching pattern (e.g. [27] ).
Characteristics of the stands, sample trees and shoots are summarized in Table I . The main stem annual shoots always pass through a bud phase before developing. On young shoots, their limits could be retrospectively detected by scales or scale scars left by the scaly leaves of the bud that have fallen down. With axis ageing, these scars progressively disappeared. The insert point of the highest branch, which is very frequently the thickest branch of the shoot, was then considered as the top limit of the annual shoot. An annual shoot of the stem is thus delimited (i) upwards by its highest branch, (ii) downwards by the highest branch of the previous annual shoot. The annual shoots of the main stem were identified and every lateral branch was assigned its parent shoot. The height of insert point of each lateral branch to the trunk was measured to the nearest millimeter. The insert angle of every branch was measured to the nearest 5 grades. The circumference outside bark of every shoot (not only the sampled ones) was measured avoiding any deformations due to branches. For each sampled parent shoot, the nature (i.e. long or short) of every lateral shoot was also recorded. Because the scars of cataphylls disappear after one or two years of growth, the proleptic shoots could not be identified a posteriori and thus were not differentiated from the sylleptic shoots.
Sequence construction
The height of insert point of every branch was then corrected in order to calculate its insert height at the pith level (i.e. when the branch formed) to avoid errors associated with branch angle and stem growth, by the following formula:
where hr is the calculated height of insert point of the branch to the pith, hm is the measured height of insert point of the branch to the trunk, r i+1 is the radius of the stem measured below the branch at height h i+1 , r i is the radius of the stem measured above the branch at height h i and α is the branch insertion angle (Fig. 2) . The depth of each branch into the parent shoot was calculated by the distance dr to the highest branch of the shoot (i.e. the difference Figure 2 . Variables used to calculate the insert height of the branches to the pith level. hr is the calculated insert position of the branches to the pith level: hm is the measured position of the branch inserted on the trunk, r i+1 is the radius of the stem measured below the branch at the height h i+1 , r i is the radius of the stem measured above the branch at the height h i and α is the branch insertion angle.
between the height of insert point of the highest branch and the height of insert point of the branch of interest).
In every annual shoot of the stem, the branches were ordered from the top to the base according to increasing dr.
Discretization
For the analysis of branching structures, the natural index parameter of the branching sequences is the node rank. This cannot be easily applied to cedars due to the size of the internodes and because the node scars can no more be detected after few years of main axis development. The statistical modeling based on hidden semi-Markov chains relies heavily on the discrete nature of the index parameter and cannot be transposed to sequences with a continuous index parameter like height. Hence we chose to discretize the branching sequences by defining a working index parameter which is close to the smallest length between two successive branches. Its value dr was then rounded to the nearest 4 mm which was the value chosen by Masotti et al. [23] for Atlas cedar.
In the following, we will thus use the term position (instead of node), a position being either unbranched or branched (distinguishing different types of branches, i.e. short or long shoots). In this way discrete time stochastic processes such as hidden semi-Markov chains can still be applied.
Each annual shoot was thus considered as a discrete sequence of successive positions separated by 4 mm length steps. Each position was characterized by a type of axillary production coded as follows: (0): no axillary production (i.e. unbranched position), (1): short shoot, (2): long shoot. Henceforth, the different types of axillary production will be termed "event".
While the macroscopic structure taking the form of a succession of branching zones is not affected by the discretization, more local patterns such as for instance the succession of branched or unbranched positions within a zone are strongly affected by the discretization. The probabilities of observing a branching type depends on the discretization step but the ratio between probabilities of observing short shoot and long shoot are roughly conserved for different discretization steps.
Data analysis
The annual shoots were grouped by length classes (in number of positions) in order to investigate the effect of parent shoot length on the branching pattern. Classes sizes were chosen in order to ensure a sufficient number of shoots per class (Tab. II).
Statistical methods described hereafter for building hidden semiMarkov chains from samples of discrete sequences have been developed [15] [16] [17] and integrated in the AMAPmod software [13, 14] . The analysis was performed using AMAPmod on each group of shoots.
Exploratory analysis
The characteristics of a sample of sequences take the form of families of frequency distributions [18] . These characteristics are organised in three categories (see Fig. 3 for an example):
-"Intensity": the empirical event distribution is extracted for each successive position from a sample of sequences. Changes in distribution of events as a function of the position make it possible to evaluate the dynamics of the phenomenon studied, such as the locations of the main transitions between homogeneous zones. -"Interval": for each possible event, the three following types of interval can be extracted from a sample of sequences: (i) time to the first occurrence of an event, i.e. the number of transitions before the first occurrence of this event, (ii) recurrence time, i.e. the number of transitions between two occurrences of an event, (iii) sojourn time ("run length" of an event), i.e. the number of successive occurrences of a given event. -"Counts": the number of occurrences of a given pattern is extracted for each sequence. The two patterns of interest are the occurrence of a given event as well as the "run" (or clump) of a given event as defined above. (iii) the distributions of the number of runs of an event per sequence. These three types of characteristic distribution can help to highlight, otherwise scattered or aggregate distributions of a given event along sequences.
Statistical modeling
The structure of a hidden semi-Markov chain can be described as follows. The underlying "left-right" semi-Markov chain (i.e. composed of a succession of transient states and a final absorbing state) represents both the succession of homogeneous zones and the length, in number of positions, of each zone. Each zone is represented in the semi-Markov chain by a mathematical object called a state. A state is said to be transient if after leaving this state, it is impossible to return to it. A state is said to be absorbing, if after entering this state, it is impossible to leave it. A discrete distribution of the events (i.e. axillary production types) is associated with each state. A hidden semi-Markov chain is thus defined by four subsets of parameters (Fig. 4): -initial probabilities of being in a given state at the beginning of the sequence, -transition probabilities to model the succession of states along the shoot (the transitions probabilities leaving a given state to the possible following states sum to one), -occupancy distributions attached to non-absorbing states to model zone length (in number of positions), -observation distributions to model the composition properties within the zones in terms of axillary production types.
The analyses were performed twice:
-(i) on the sequences described upwards from the base to the top, -(ii) on the sequences described from the top to the base so that the final absorbing state upwards (for which an occupancy distribution cannot be estimated) was the initial state downwards in order to model the length of the top zone.
The core of the proposed data analysis methodology consists in iterating an elementary loop of model building until a satisfactory result is obtained. This elementary loop decomposes into three stages: Once the hidden semi-Markov chain has been estimated [16, 17] , the most probable state sequence was computed using the so-called Viterbi algorithm [16] for each observed sequence. This most probable states sequence can be interpreted as the optimal segmentation of the observed sequence in successive zones (an observed sequence segmented into successive states is presented in Fig. 4a while an example of model parameters is presented in Fig. 4b ). The statistical modeling was performed on each sequence length group.
Modeling the zone length
The length (in number of positions) of each branching zone was recovered sequence by sequence as results of the optimal segmentation. In order to model the length of each simulated zone, we examined the relationship between the total sequence length and the length of each zone. The zone length corresponds to the sojourn time in the corresponding state. Two kinds of model were then built in order to predict every zone length:
-For the zones whose length varied in a wide range of values and followed a normal distribution, a model was fitted to data using the ordinary least squares method or, when necessary, the weighted least squares method in order to ensure the homoscedastic variance of the residuals. The model was chosen to be linear or segmented linear according to the trends revealed by data plots. Fits were performed by the REG or NLIN procedures of the SAS/STAT software [34] . -For the zones whose length ranged within only few discrete values or followed a distribution different from the normal distribution, a generalized linear model was estimated using a maximum likelihood method. The length values x were therefore previously converted in log (x − 1) in order to make them varying from − ∞ to + ∞. These analyses were performed with the Genmod procedure of the SAS/STAT software [34] .
RESULTS
Structure of the estimated hidden semi-Markov chains
On the basis of both the exploratory analysis of the data and the statistical modeling, the following assumptions were made:
All the estimated models began with an initial state corresponding to an unbranched zone at the base of the annual shoot and ended with an absorbing state which corresponds to long branches at the tip of the annual shoot. Between these two states, the models comprises between 1 to 3 transient states according to the length of branching sequences.
Composition of the states
Branching states were well-differentiated in terms of axillary production type composition. The probabilities of observing the different types of axillary production, for every state and length class, are reported in Table III . Five successive states were identified: -State 0 corresponded to the initial unbranched zone, -State 1 corresponded to a poorly branched zone with short shoots, -State 2 corresponded to a zone with a mixture of short and long shoots.
These first three states occurred in each group of sequences. -State 3 corresponded to a zone with almost only long shoots. This zone only occurred for the sequences whose length exceeded 80 positions.
-State 4 corresponded to a zone with a high probability of long shoots which probably correspond to the whorl branches. It was only modeled on the sequences described from the top to the base. This zone was present whatever the sequence length.
Each state (or zone) was so defined by the probabilities of observing the different types of axillary production which was rather stable with the length of the sequences. There were only two exceptions:
-(i) State 2 in the shortest sequences (1-20 positions), for which the frequency of branched positions was greater than in the longer sequences, -(ii) State 4 where the frequency of unbranched positions was higher for the sequences whose length exceeded 120 positions.
The branching type composition of states 2 and 3 remained unchanged whatever the description direction, excepted for state 2 in the case of the shortest sequences (1-20 positions).
For the model, we decided to retain the probabilities associated with the description direction which corresponds to the branch setting: upwards for states 0, 1, 2 and 3, set during the 
Initial and transition probabilities
The initial probabilities of each state and the probabilities of transition between two consecutive states are given in Table IV. Almost all the estimated sequences began in state 0, and very rarely in state 1 or 2. The final state, or downwards the initial one, was almost always the state 4, exceptionally the state 3 or 2. The states mostly succeeded one to each other in the following order: 0-1-2-3-4 with the previously mentioned exception for the state 3 which only occurred for the sequences whose length exceeded 80 positions. Some states were sometimes skipped by the model (e.g. the state 2 for the shortest sequences with a probability of 0.53, or the state 3 for the 81-120 length group with a probability of 0.27). It means that these samples of sequences are heterogeneous. For instance, the state 2 did not occur for 53% of sequences of 1-20 length group.
Relationships between the zone length and the total length of parent shoots
The length, in number of positions, of the zones 0, 1, 2, 3 and 4 was compared with the total length of the considered sequence. The relationships between the length of the zones deduced from the segmentation and the length of the sequences were examined through data plots (Fig. 5 ). Models were fitted for the different zones according to the trends revealed by data plots.
The results are the following (Tab. V): -Zone 0: The zone length was independent of the total sequence length (Fig. 5a) . The length of the zone 0 ranged from 1 to 28 (320 observations) and followed a Poisson distribution with 6.17 positions on average.
-Zones 1 and 2: The Figures 5c and 5d clearly show a threshold effect in the relation between the length of the zone and the length of the sequence. We therefore built for both zones a segmented model by ordinary least square regression. In order to homogenize the variance which increased with the shoot length, the observations were weighted by the inverse of the squared shoot length.
-Zone 3: The length of the zone 3 is highly correlated with the sequence length (R 2 = 0.78) (Fig. 5e ). -Zone 4: The length of the zone 4 ranged from 1 to 7 and was not independent of the total sequence length (Fig. 5f ). The best fit was obtained by a generalized linear model with a Poisson distribution (321 observations).
DISCUSSION
This work confirms that segmentation using estimated hidden semi-Markov chains can be used to clearly identify and locate zones with homogeneous branching properties. As such, it is a useful method for analyzing branching patterns.
Based on an analysis of quantitative data, this work precisely characterized each branching zone of annuals shoots by (i) the probability for a zone to be the initial one, (ii) the probability of transition between two successive zones and (iii) the probability of each type of axillary production within a given zone. We established relationships between growth and branching patterns. Growth influences more the occurrence and the length of the zones than the axes composition of each zone. The length of every zone was modeled as a function of the length of the whole annual shoot. These parameters form a consistent model of vertical position of every branch along the trunk. The parent shoot length has an impact on branching pattern. We found significant correlations between parent annual shoot length and branching zone length and between parent shoot length and the number of branching zones of the model. These results enhance previous results showing a simple correlation between shoot length and the number of axillary branches [23] .
With regards to the identified zones, our results indeed confirm for the most part the previous qualitative observations on this species [8, 23, 31, 32] . From the base to the top of the annual shoot, 5 zones were identified: -The first two zones, the basal unbranched zone (i.e. zone 0) and the next short shoot zone (i.e. zone 1) which actually correspond to the zones previously identified by Sabatier and Barthélémy [31] . The unbranched zone remains unchanged in length, which confirms the results of Masotti et al. [23] . In contrast, the length of the short shoot zone increases with the sequence length, up to a threshold value of parent shoot length equal to 50 positions (i.e. 20 cm). -A zone with a mixture of short and long shoots (i.e. zone 2) which has never been identified before. The length of zone 2 increases with the sequence length up to a threshold 4 , slt 1 and slt 2 are parameters. * When the variable follows a Poisson distribution, the variance is equal to the mean. For the zone 0 the variance is constant and equal to a 0 -1. For the zone 4 the variance depends on the shoot length and is equal to e (a4sl+b4) . * * We used a weighted least squared method with a weight equal to 1 sl 2 . The root mean squared error is therefore proportional to sl.
value after which it remains constant. The threshold value for zone 2 is close to 90 and to the length class limit of 80. Above this value, the axillary production type composition remains unchanged. -A zone 3 which is almost exclusively branched with long shoots. Its length ranges between 11 and 165 positions and forms the most part of the long sequences. The length of this zone is closely related to the total length of the shoot. A threshold effect was noted: this state only occurs for sequences of length greater than 80 positions (i.e. 32 cm). This result is consistent with previous observations on Atlas cedar [32] which showed that sylleptic lateral shoots occurred when an extension rate threshold was reached by the parent shoot of the main stem. The long shoot zone length then linearly increases with the sequence length, but with a remarkable stability of the long shoots frequency, whatever the direction of the description (Tab. III and Fig. 5e ). Long shoots in this zone correspond to interwhorl branches.
The extension threshold value for sylleptic long shoot production is higher than for sylleptic short shoot production [32] . The parent shoot starts to produce sylleptic short shoots before sylleptic long shoots. Sylleptic long shoots occur when the extension rate of the parent shoot is maximum, i.e. in the middle of the parent shoot and only on the long parent shoots. Zone 3, almost exclusively branched with long shoots, corresponds very likely to the sylleptic branched zone. As for Larix laricina [26] , the occurrence and amount of sylleptic long shoots are correlated with shoot vigor and depend on growth conditions.
-The final zone (i.e. zone 4) includes long shoots with a higher probability than in the previous zone. This probability which is near 1 for a sequence length between 1 and 120 positions, diminished for the longest sequences.
Sabatier and Barthélémy [31] distinguished in the 1-yearold parent shoot, a distal zone of sylleptic short shoots preceding the buds in subapical positions. In our study short shoots were not distinguishable from buds on parent shoots over one year old. During the second growing season, these lateral short shoots and buds probably transform into the branches of zone 4. The occurrence of these short shoots might explain the longer zone 4 and the different long shoot frequencies for this zone on the most vigorous shoots (Tab. III and Fig. 5f ). This zone corresponds to the whorl branches whose height assignment appears to be determined by the shoot growth decrease preceding the shoot growth stop.
The type and number of lateral branches thus depend on threshold values of both final length and extension rate of the parent shoot.
The extension of an annual shoot is followed by the formation of a resting bud consisting in a set of primordial organs. These preformed organs [2] extend during the growth period following that of their inception. A shoot may also grow in length by developing neoformed organs, i.e. a shoot portion which differentiates and extends without ever integrating a resting bud. In temperate species, an annual shoot may be entirely preformed or may be a mixed shoot, consisting of a proximal set of preformed organs and a distal set of neoformed organs [2] .
In cedar, on the basis of both our results on the relationship between the branching pattern and parent shoot length and from morphological observations of cedar buds in the rest period [12] , it can be assumed that the basal unbranched zone (zone 0) corresponds to the stem portion preformed in the bud. Its length is indeed independent of the total shoot length. The other zones of branching probably form during the current growing season. Their expression and their length result from the growth rate of the parent shoot. In particular, the great extent of the neoformed zone 3 in the annual shoots of the main stem expresses the adaptive potential of Atlas cedar to varying environmental conditions and its ability to exploit favorable site and climatic conditions [33] . Similarly, hidden semiMarkov chains applied to branching data in Quercus rubra showed a high correlation between the branched zone length and the summer shoot length of bicyclic annual shoots, which only occurs in favorable growth conditions [19] .
Use of the model
Our model positions all the branches more precisely along the stem than the simpler models which only locate the whorl branches at the top of every shoot. These models can be sufficient for the genus Pinus which forms only whorl branches. This model was easier to build than models based on real phyllotaxy which require measuring the vertical position of all real nodes and lateral shoots the year they were formed on leaders.
Contrary to the models which predict first the number of branches and then assign to each branch a height along the main stem (e.g. [21] ), this model predicts at once both characteristics according to the length of the annual shoots of the main stem. The model uses (i) the probability for a state to be the initial one, (ii) the probability of transition between two consecutive states (Tab. IV). The length of each zone is then determined by the length of the whole shoot according to the relationship found between them. The resulting relationships can therefore be connected to height tree annual increments, predicted by an existing height growth model, not yet published. The residual error of each zone length model is correctly estimated. This information can be used to generate stochastic variability around the predicted values. Nevertheless, the model must satisfy the following constraint: the length of the annual shoot must equal the sum of lengths of each zone from the same annual shoot. When it does not, the error can be distributed proportionally to each zone length or distributed only on zones for which a great accuracy is not required: e.g. if the objective is to precisely locate whorl branches, which are the biggest branches of the crown and support the greatest part of leaf biomass, then the whorl branch zone will be excluded from error redistribution.
The proportion of short shoots, long shoots and unbranched positions are finally chosen in every zone according to the probabilities in Table III. It may be necessary to know the precise location of every branch in order to assess the aesthetical or mechanical quality of lumber or veneer, which depends on the amount and the spatial arrangement of knots, one from each other. To precisely locate a branch requires knowing not only its vertical position on the bole but also its circular position, i.e. the azimuth of the insert point of the branch around the tree bole. Cannel and Bowler [4] found that Picea and Larix branches are evenly spaced around the bole and that two successive lateral branches are rarely at less than 45
• one from each other. Doruska and Burkhart [9] noted a regular distribution of Pinus taeda branches around the bole. Cochrane and Ford [6] did the same observation for whorl branches as well as interwhorl branches in Sitka spruce. Pont [25] used in Pinus radiata a more realistic model based on phyllotaxy: the azimuth is equal to the branch position (i.e. the ontogenetic sequential number, equal to 0 for the first branch) multiplied by the divergence angle of 137.5
• which corresponds to the phyllotactic pattern defined by the Fibonacci sequence. This model could possibly be assumed to be general enough to be applied to Cedrus atlantica although we have no data for confirmation.
Branch diameter is a complementary attribute which is important in evaluating the quality and value of logs in general. Branch diameter is closely related to branch vertical position inside the living crown as well as in the annual shoot. A future model predicting branch diameter from branch vertical position is under construction. There, branch vertical position will be estimated using the model presented here. However, this model can not precisely locate knots on lumber surface. It could be done by coupling it to a knot form model, which locate precisely the path of the branch inside the bole (e.g. [35] ), and using a virtual sawing software (e.g. [20] ).
A future direction for our study would be to validate our model and measure its robustness on a sample independent from the one on which it was estimated. It would be particularly interesting to fit our model using other coniferous species with interwhorl branches such as spruces and firs and mostly larches, which also have long-and short-shoot axes.
CONCLUSION
This work completes the studies previously conducted on branching patterns in Cedrus atlantica by carrying out an analysis of quantitative data measured within a wide range of annual shoot lengths. It confirms the cedar branching pattern noted before and completes these previous observations with new independent data. The composition and the location of branching were quantified using hidden semi-Markov chains. The effect of the annual shoot length on the occurrence and the length of each branching zone was quantified. The probabilities and the relationships as a whole provide a consistent model for predicting the number and the vertical location on the bole of all the primary branches, including the interwhorl branches.
Branch survival and subsequent size mainly depend on both their vertical location in relation with the height of the living crown base and relative height in the annual shoot (e.g. [21] ). Cedar is well known for having whorl branches which can become predominant with a wide diameter in the apical part of annual shoots. Whorl branches mortality is the result of intertree competition which results in living crown recession. Mortality of finer interwhorl branches is due to within-crown competition which results in self-shading among branches in the same tree crown. A model predicting branch diameter profile along the bole and a stochastic model for the branch mortality are under construction. They will complete our branch location model, thus forming a chain of models useful to evaluate precisely the influence of growth on branching and wood quality in Atlas cedar.
